The mechanisms mediating kidney injury and repair in humans with atherosclerotic renal artery stenosis (ARAS) remain poorly understood. We hypothesized that the stenotic kidney releases inflammatory mediators and recruits progenitor cells to promote regeneration.
Introduction
Hypertension represents a major-public health problem that affects 1 billion individuals worldwide. 1 Essential hypertension (EH) accounts for the majority of cases, while in 5% secondary causes of hypertension can be detected. Atherosclerotic renal artery stenosis (ARAS) remains an important entity that acclerates secondary hypertension and renal injury and can be identified in . 6 .8% of individuals older than 65. 2 Renovascular hypertension in ARAS patients and decreased glomerular filtration rate (GFR) are associated with increased cardiovascular morbidity and mortality 3 and target organ injury compared with EH. 4 In patients with ARAS, a pressure gradient across the stenosis leads to activation of the renal-angiotensin -aldosterone system to increase systemic arterial pressure, which also increases oxidative stress and leads to lipid peroxidation and platelet aggregation, contributing to kidney and target organ injury. 5 Experimental data suggest that angiotensin II elicits a chronic vascular inflammatory reaction characterized by Th-1 lymphocyte activation and macrophage infiltration, which is mediated by and contributes to release of pro-inflammatory cytokines. 6, 7 We have previously shown that the stenotic swine kidneys exhibit increased tissue levels of the pro-inflammatory chemokine monocyte chemoattractant protein (MCP-1), associated with endothelial dysfunction and microvascular loss. 8 Similarly, an increased production of the inflammatory factors tumour necrosis factor (TNF)-a and interleukin (IL)-6 was observed in 2K1C rats 4 days after renal artery clipping. 9 Furthermore, elevated systemic levels of these inflammatory markers are associated with an increased risk for developing chronic kidney disease (CKD) in humans, suggesting a role for inflammatory mechanisms in its aetiology. 10 Tissue inflammation activates a mixture of adaptive responses and repair mechanisms in the stenotic kidney (STK). Mobilized endogenous circulating endothelial progenitor cells, recruited and directed by homing factors and cytokines released from damaged tissues, play a critical role in healing tissues by mediating neovascularization and attenuating tissue injury. 11 We have demonstrated that the experimental ARAS kidney recruits endogenous circulating progenitor cells to stimulate its reparative processes. 12 However, whether this repair mechanism is activated in the human kidney has not been determined. Thus, the present study was designed to test the hypothesis that in renovascular hypertensive patients the injured kidney releases inflammatory mediators and retains circulating progenitor cells. For this purpose, we measured bilateral renal vein (RV) and inferior vena cava (IVC) levels of inflammatory biomarkers and CD34+/KDR+ progenitor cells in essential and renovascular hypertensive patients.
Methods

Patient population
Patients identified with EH (n ¼ 24) or unilateral ARAS (n ¼ 24), participating in inpatient protocol studies, 13 
Clinical data collection and laboratory measurements
Patients were admitted to the Clinical Research Unit for 3 days. Dietary intake of 150 mEq of sodium was maintained throughout the duration of the study. To standardize antihypertensive treatment in EH and ARAS subjects, in all patients blockade of the renin -angiotensin system with angiotensin-converting enzyme inhibitors (ACE-I) or angiotensin receptor blockers (ARBs) was continued or initiated at usual recommended daily dose (equivalent: 40 mg lisinopril). Diuretics were continued. One day before RV sampling, a single dose of furosemide was administered for other protocol studies. 13 Normotensive control subjects (SBP ,130 and diastolic blood pressure ,80 mmHg) were prospectively recruited and serum samples collected through the Mayo Clinic Biobank, and matched to EH and ARAS according to age, gender, and body mass index. Clinical data collected by physical examination or via the electronic medical records included age, sex, height, weight, body mass index, systolic, diastolic, and mean arterial pressure. Serum creatinine, estimated GFR (eGFR), proteinuria, plasma renin activity (PRA), low density lipoprotein, high density lipoprotein, total cholesterol, and triglyceride levels were determined by standard procedures. In addition, use of concomitant medication, comorbidities, and smoking status were recorded.
Renal vein sampling and renal haemodynamics measurement
Blood samples were obtained prior to the measurement of kidney blood flows by multi-detector computer tomography (MDCT). In brief, a catheter was placed via the femoral or internal jugular vein and 120 mL of blood obtained from the right and left RV and IVC. These samples were subsequently analysed for inflammatory cytokines, CD34+/KDR+ (kinase insert domain receptor) progenitor cell number and homing signals, adhesion molecules, and pro-angiogenic factors. The catheter was moved to the superior vena cava for contrast media injections during MDCT imaging. Stenotic-kidney and contralateral-kidney (CLK) cortical perfusion, medullary perfusion, and renal blood flow (RBF) were measured in ARAS patients using MDCT. In EH patients, individual kidney (right and left) cortical perfusion, medullary perfusion, and RBF were averaged. The estimated glomerular filtration rate was measured using the modification of diet in renal disease (MDRD) study equation. In healthy volunteers, only peripheral (antecubital) blood samples were collected.
Inflammatory biomarkers
Renal vein and IVC levels of soluble E-Selectin (sE-Selectin), vascular cell adhesion molecule (sVCAM-1), TNF-a and its receptor (sTNFR-1), IL-6, IL-10, MCP-1, granulocyte colony-stimulating factor (G-CSF), interferon (IF)-g, tissue plasminogen activator inhibitor (PAI)-1, vascular endothelial growth factor (VEGF) and its receptors (VEGFR-1 and VEGFR-2), stromal-derived factor (SDF)-1, and stem cell factor (SCF) were measured by luminex (Millipore, Billerica, MA, USA). Based on the assumption that the difference between infra-renal IVC and RV levels reflects the net release of cytokines within the affected kidney, 15 we estimated a renal cytokine gradient (RV-IVC) and the net release (gradient × RBF) for each measured product.
Characterization of CD341/KDR1 progenitor cells
Peripheral (for controls), RV, and IVC blood mononuclear cells were isolated from fresh blood by the density-gradient method and characterized for antigen expression of the endothelial progenitor markers CD34 and KDR. 16 Systemic and RV levels of CD34+/KDR+ progenitor cells were determined by fluorescence-activated cell sorting, as previously described. 15, 17, 18 Statistical analysis
Statistical analysis was performed using JMP software package version 8.0 (SAS Institute, Inc., Cary, NC, USA). Results were expressed as mean + SD for normally distributed data and as median (range) for data that did not show a Gaussian distribution. Comparisons within patients with severe (≥75%) and moderate (,75%) degree of stenosis were performed using paired Student's t-test or the Kruskal -Wallis Inflammation in renal artery stenosis test, when appropriate. All tests were two-tailed, and P-values ≤0.05 were considered statistically significant. For detailed methods regarding blood sampling, single-kidney haemodynamics assessment, statistical analysis, and cytofluorimetric CD34+/KDR+ progenitor cell detection, please see the Supplementary material online. Table 1 shows the clinical, laboratory, and demographic characteristics of the patients included in the study. Systolic blood pressure was higher in EH and ARAS compared with normal (P ¼ 0.001 and P ¼ 0.019, respectively), with no significant differences in antihypertensive regimens between the groups. Serum creatinine levels were higher and eGFR lower in ARAS patients compared with normal and EH, but cholesterol fractions and medication intake were not different. The estimated glomerular filtration rate calculated by the Chronic Kidney Disease Epidemiology Collaboration equation 19 perfusion levels were similar among the groups. Single-kidney RBF was reduced in the STK-ARAS compared with EH ( Table 1 , P ¼ 0.009) and to the CLK (P , 0.0001). Systemic PRA levels were elevated in ARAS compared with normal and EH patients, and RV PRA levels were higher in the STK-ARAS compared with EH (P ¼ 0.007) and the CLK (P ¼ 0.02). Conversely, urinary protein excretion did not differ among the groups. Four ARAS patients presented modest lesions in the CLK, considered haemodynamically insignificant (,50%, peak systolic velocity ,200 cm/s).
Results
Cell adhesion molecules
Renal vein levels of E-Selectin and sVCAM-1 were higher in the STK-RV compared with EH ( Table 2 , P ¼ 0.005 and P ¼ 0.034, respectively), and their renal net release was elevated (P , 0.0001 and P , 0.0001 vs. EH, Figure 1 ), whereas CLK-RV levels of cell adhesion molecules were not different than in EH (P ¼ 0.060 and P ¼ 0.356, respectively). The stenotic kidney-net release of sE-Selectin, but not sVCAM-1, was higher compared with the CLK ( Figure 1A and B, P ¼ 0.048 and P ¼ 0.951 vs. CLK).
Inflammatory markers
Renal vein levels of G-CSF did not differ among the groups (Supplementary material online, Table S1 ). Renal vein levels and the net release of MCP-1, IL-6, IF-g, TNF-a, and sTNFR-1 were higher in the STK-RV compared with normal and EH, and in the CLK compared with EH ( Figure 1 ; Table 2 ), but not different between STK and CLK ( Figure 1C-G) . In contrast, ARAS-RV levels of IF-g were higher in the STK compared with the CLK.
Anti-inflammatory markers
Renal vein levels of IL-10 were lower in the STK-ARAS compared with normal and EH ( Table 2 , P ¼ 0.0002 and P ¼ 0.0004, respectively), and its net release decreased (P ¼ 0.015 vs. EH, Figure 1H ). The net release of IL-10 was also lower in the CLK compared with EH, but did not differ between the STK and CLK.
Angiogenic and fibrogenic factors
Circulating and RV levels of VEGF, VEGFR-1, VEGFR-2, and PAI-1 were similar among the groups (Supplementary material online, Table S1 ).
Progenitor cells homing factors
Renal vein levels of SDF-1 and SCF were higher in the STK-ARAS compared with normal (both P ¼ 0.024) and EH patients (P , 0.016 and P , 0.006, Table 2 ), and their net release increased (Supplementary material online, Figure S1 , P , 0.009 and P ¼ 0.012 vs. normal; P , 0.014 and P , 0.044 vs. EH).
CD341/KDR1 progenitor cells
Systemic levels of CD34+/KDR+ positive progenitor cells were further decreased in ARAS and EH compared with normal ( Figure 2A and B) . Renal vein levels of CD34+/KDR+ progenitor cells were decreased in ARAS-STK compared with EH and ARAS-CLK, and were below systemic levels in any group. CD34+/KDR+ progenitor cells exhibited a negative gradient across the STK and CLK ( Figure 2C ) consistent with the net removal of progenitor cells during their passage. However, The CD34+/KDR+ progenitor cell gradient was significantly greater in the STK compared with the CLK (P ¼ 0.017).
Correlation between inflammatory biomarkers, progenitor cells, and renal haemodynamics
Renal vein levels of CD34+/KDR+ progenitor cells were weakly but significantly inversely correlated only with IF-g, and showed a trend for correlation with TNF-a (Supplementary material online, Figure S3A and B).
Renal vein levels of sE-Selectin, sVCAM-1, TNF-a, and MCP-1 inversely correlated with STK-RBF in ARAS patients (Supplementary material online, Figure S3C -F) .
Stenotic kidney-renal vein levels of sE-Selectin, TNF-a, and MCP-1 also inversely correlated with STK cortical (Supplementary material online, Figure S2A -C), but not medullary STK perfusion (Supplementary material online, Figure S2D -F) in ARAS patients. No correlation was found between the duration of the hypertension and STK-RV levels or the net release of inflammatory cytokines (data not shown).
Renal vein levels and the net release of IF-g, MCP-1, and IL-6 were elevated in patients with severe (≥75%) vs. moderate (,75%) stenosis (Supplementary material online, Figure S4 , P ¼ 0.044, P ¼ 0.019, and P ¼ 0.39, respectively), while those of the anti-inflammatory cytokine IL-10 were lower (Supplementary material online, Figure S4H ). Furthermore, RV levels of sE-Selectin, sVCAM-1, IF-g, TNF-a, and MCP-1 were elevated in the severely STK compared with its CLK, while severely STK-RV levels of IL-10 were lower (Supplementary material online, Figure S5) .
Finally, CLK-RV levels of inflammatory cytokines did not correlate with either CD34+/KDR+ progenitor cells or renal haemodynamics (data not shown).
Please see the Supplementary material online for extended results regarding other inflammatory biomarkers, CD34+/KDR+ progenitor cells, renal haemodynamics, etc.
Discussion
The current study demonstrates, for the first time, that the poststenotic human kidney with a reduced GFR and single-kidney RBF releases inflammatory cytokines that portend renal injury. At the same time, the RV blood contains proportional to kidney inflammation homing signals known to recruit and retain CD34+/KDR+ progenitor cells, which were indeed sequestered in the affected STK. The elevation of pro-inflammatory mediators in the ARAS kidney despite similar blood pressure levels and renin-angiotensin system blockade might partly explain higher rates of target organ injury compared with EH.
Atherosclerotic renal artery stenosis remains an important cause of renal dysfunction, and is associated with greater cardiovascular morbidity and mortality than EH. 20 Despite much research, the mechanisms underlying irreversible renal injury and progressive deterioration of the ARAS-STK have not been fully elucidated. Accumulating experimental evidence indicates that inflammatory factors play a central role in mediating renal damage in ARAS by regulating the production and activity of growth factors, leading Figure 1 The net release of cytokines in essential hypertension, stenotic kidney, and contralateral kidney of atherosclerotic renal artery stenosis patients. *P , 0.05 vs. essential hypertension, ‡ P , 0.05 vs. contralateral kidney.
Inflammation in renal artery stenosis to collagen deposition, matrix accumulation, fibrosis, microvascular regression, and renal scarring. 21 -23 Studies in swine and murine STK demonstrate infiltration of macrophages and T-lymphocytes, 24, 25 and activation of signalling pathways related to the production of pro-inflammatory cytokines. 26 Functional impairment and structural damage in ARAS are also partly mediated by inflammatory cytokines such as MCP-1, IF-g, and IL-8. 8 However, while histological analysis of atherosclerotic nephropathy shows chronic interstitial inflammatory infiltration in patients with deteriorating renal function, 27 much remains to be learned about the role of inflammation in human ARAS. The present study provides evidence demonstrating selective renal release of cell adhesion molecules (sE-Selectin, sVCAM-1) and inflammatory cytokines (TNF-a, IF-g, IL-6, MCP-1) into the RV from the stenotic human kidney. Moreover, inverse correlations between RV levels of inflammatory mediators (TNF-a, IF-g) and CD34+/KDR+ progenitor cells suggest a role for kidney inflammation as a central pathway to progenitor cell recruitment and retention beyond the stenotic lesion.
The cytokines identified to be released from the STK are associated with several stages of the complex interplay among cell adhesion molecules, cytokines, and chemoattractant factors. While members of the selectin family play a central role in the initial phase of adhesion (rolling), members of the immunoglobulin superfamily-like VCAM-1 regulate recruitment of mononuclear cells to inflamed tissue by interacting with leucocyte integrins Figure 2 (A) Representative flow cytometric dot plots for CD34+/KDR+ progenitor cells in study patients. Systemic and renal vein (RV) levels (B) and gradients (C) of CD34+/KDR+ progenitor cells in normal, essential hypertensive, stenotic kidney and contralateral kidney of atherosclerotic renal artery stenosis patients. Renal vein CD34+/KDR+ progenitor cell levels were reduced in the stenotic kidney-atherosclerotic renal artery stenosis kidney, leading to a negative CD34+/KDR+ progenitor cell gradient across it, greater than across the contralateral kidney. *P , 0.05 vs. normal, # P , 0.05 vs. essential hypertension, † P , 0.05 vs. systemic, ‡ P , 0.05 vs. contralateral kidney.
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(activation and firm adhesion). 28 The final step involves transmigration of adherent cells through the endothelium, which requires expression of chemotactic factors (e.g. MCP-1). In addition, release of IL-6, IF-g, and MCP-1 stimulates activation and proliferation of B-and T-lymphocytes, and recruitment of leucocytes to the inflammation site. Tumour necrosis factor-a has been implicated in renal inflammation by inducing expression of cell adhesion molecules, MCP-1, IL-1, IL-6, and IL-8. 29 Indeed, we observed elevated STK-RV levels and the net release of IF-g, MCP-1, and IL-6 in patients with severe ARAS, as well as inverse correlations between RV levels of TNF-a, sE-Selectin, sVCAM-1, and MCP-1 and STK-RBF, implicating renal ischaemia in cytokine-mediated inflammation in ARAS patients. Interestingly, this association was mainly due to a selective decrease in cortical perfusion, reflected by the inverse correlations found between STK-cortical (but not medullary) perfusion and STK-RV levels of several inflammatory biomarkers. Taken together, these observations suggest that the severity of renal hypoperfusion (mostly in cortical regions of the kidney) and tissue ischaemia may influence renal release of inflammatory cytokines in human ARAS. Our observations are supported by a previous studies showing elevated systemic levels of TNF-a and IL-6 in patients 30 and pigs 31 with renovascular hypertension.
In addition, RV levels of IL-10 were decreased in ARAS patients compared with EH and healthy volunteers. This Th-2 cytokine possesses important anti-inflammatory properties including inhibition of pro-inflammatory cytokines (IL-1b, IL-6, TNF-a) production and stimulation of anti-inflammatory cells such as regulatory T-cells and M2 macrophages. 32, 33 Reduction of their important reparative mechanism in the STK is consistent with removal of its protective effect. 34 Furthermore, myocardial infarction-induced progenitor cell mobilization and survival partly depends on IL-10.
35
Progenitor cell mobilization from the bone marrow is regulated by the release of homing factors by the damaged tissue, prominent among which are SDF-1 and SCF. 36 We have shown that the swine ARAS kidney releases specific homing signals that recruit progenitor cells and stimulate a reparative process. 12 Likewise, RV levels and the net release of SDF-1 and SCF were elevated in the human STK. The negative CD34+/KDR+ progenitor cell gradient across the STK may suggest that progenitor cells were recruited and retained, possibly consequent to the homing signals observed. However, continued release of inflammatory biomarkers implies that the CD34+/KDR+ progenitor cell reparative effect was insufficient to completely abrogate renal injury. Possibly, intense inflammatory activity and inadequate repair may account for the higher incidence of target organ injury in ARAS compared with EH. Furthermore, reduced availability of circulating CD34+/KDR+ progenitor cells might reflect a smaller systemic pool from which the kidney can draw progenitor cells in time of injury. Although CD34+/KDR+ cells exhibited a negative gradient across the STK, the KDR ligand VEGF did not. Nevertheless, we cannot rule out up-regulation of VEGF expression in the post-ischaemic kidney tissue, as observed in some experimental models. 37 Notably, this study shows higher levels of the majority of inflammatory biomarkers compared with EH in the STK-ARAS, but not in the CLK-RV, underscoring the predominant propensity for inflammation in the post-stenotic kidney. Nevertheless, comparable levels and the net release of many inflammatory biomarkers in the STK and CLK emphasize the susceptibility of the nonstenotic kidney to target organ injury in ARAS, and extend previous observations in experimental 25 and clinical 38 ARAS that demonstrated increased fibrosis and inflammation in the nonstenotic kidney. This may have also contributed to the decrease in GFR observed in ARAS compared with normal volunteers and EH patients. It is not unlikely that microvascular disease in the atherogenic milieu of ARAS patients contributes to CLK injury even in the absence of superimposed large vessel obstruction. Alternatively, maladaptive activation of the renin -angiotensin system in the CLK, disclosed by slightly (although not statistically significant) elevated PRA levels vs. EH might have augmented inflammation. Under these conditions, stretch-induced AT1 receptor activation 39 in the CLK might have exacerbated inflammation.
Nonetheless, the inverse correlation of injurious signals with RBF only in the STK supports contribution of renal ischaemia to their stimulation. Furthermore, in patients with severe ARAS (degree of stenosis ≥75%), STK-RV levels of several inflammatory biomarkers were higher compared with the CLK, underscoring the differential contribution of the STK and CLK in the pathogenesis of ARAS. Finally, sequestration of CD34+/KDR+ progenitor cells in the CLK, (although lower than in the STK-ARAS) might reflect reparative processes active in the non-stenotic kidney. These observations suggest that both kidneys are involved in the pathogenesis of ARAS, yet the stenotic kidney plays a predominant role, particularly when the degree of stenosis is high.
Limitations
This study is limited by its cross-sectional nature with a relatively small study population, which was not prospectively defined, and by the lack of data on renal outcomes or changes in levels of inflammatory biomarkers or CD34+/KDR+ progenitor cells. Hence, precise cause and effect relationships between renal haemodynamics, inflammatory biomarkers, and progenitor cell levels need to be addressed in detail in future studies. A range of event numbers per sample has been utilized for counting circulating CD34+/KDR+ progenitor cells using flow cytometry. The putative progenitor cell phenotype we quantified (CD34+/ KDR+) yields high cell counts 16 and thus provides adequate assessment of circulating progenitor cells using this technique. 15, 17, 18 In addition, many patients with ARAS or EH may present with considerable elevations of serum creatinine. In our study, patients with diabetes or serum creatinine levels .1.7 mg/dL were excluded, because of the use of iodinated contrast for MDCT studies. Therefore, extrapolation of our findings to the diverse population of ARAS patients observed in clinical practice should be done with caution. Also, our hypertensive patients were all treated with renin-angiotensin system blockers, which might have masked elevation in some humoral cytokine levels, and which elevated PRA. Furthermore, these changes in cytokine levels may not be specific for ARAS, and future studies will need to determine whether similar alterations are detectable in patients with other forms of CKD. Nonetheless, the correlation between STK-RV levels of several inflammatory cytokines and STK-RBF may implicate renal hypoperfusion as the trigger for cytokine release, rather than general parenchymal damage. Finally, the contribution of STK and CLK inflammation to their dysfunction needs to be tested in further studies by the reversibility of both upon revascularization.
Indeed, a recent study demonstrated that baseline levels of Creactive protein were associated with improved renal function after renal artery stenting, supporting this paradigm. 40 
Conclusions
Determining the mechanisms by which ARAS leads to progressive renal injury is an important step in developing targeted treatment modalities to prevent deterioration of renal function. Our results demonstrate for the first time that CD34+/KDR+ progenitor cells are sequestered in the stenotic kidney of ARAS, in parallel with increased release of inflammatory biomarkers. These observations imply that chronic vascular occlusion contributes to inflammation in human ARAS, and its reparative process may involve progenitor cell recruitment. These processes seem to affect both kidneys even in visually unilateral disease, yet inflammation in the post-stenotic kidney pre-dominates, particularly when the stenosis is severe. Identifications of these mechanisms may provide novel therapeutic targets to attenuate loss of renal function in ARAS, as well as its sequelae.
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